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THE RELATION OF HEART AND ADRENAL WEIGHT TO 
BODY SIZE AND HYPERTENSION PRODUCED BY RENAL 
CONSTRICTION AND VITAMIN Be-DEFICIENCY 


NorMaAN S. OLSEN 


Research Laboratory, Veterans Administration Hospital, and Department of Biochemistry 
Vanderbilt University, Nashville, Tennessee 


(Received October 24, 1955) 


Cardiac hypertrophy has long been associated with arterial hyper- 
tension. Before the advent of modern methods for determining blood 
pressure repetitively on small animals without anesthesia, enlarge- 
ment of the heart was used as an index or measure of the presence and 
severity of the hypertensive syndrome. Based on large series of 
animals, equations have been formulated relating body weight, organ 
weight, and sex (Hatai ’13, Walter and Addis ’39, and Addis and Gray 
50). Rytand (’38) has used these formulations and concluded that 
hypertension was present when the observed heart weight exceeded 
the calculated heart weight by at least twelve per cent. Schroeder 
(42) has extended these findings although he found slightly less hy- 
pertrophy for his series. 


For the present study, hypertension was produced in rats by two 
independent methods and the level of blood pressure was followed at 
regular intervals with a simple reproducible procedure. In addition 
to the relation of cardiac hypertrophy to hypertension, the change in 
adrenal weight was also tabulated. 


METHOopsS 


All the animals used in this study were adult male albino rats of 
the Wistar strain. Systolic blood pressure measurements were obtained 
using the foot-cuff method of Kersten et al. (’47) at approximately 
three-day intervals. At least 6 determinations were made on each day 
on each animal. A basal blood pressure level was obtained on all rats; 
this encompassed a period of about 4 weeks. Two types of hyperten- 
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sive animals were studied and compared with suitable controls, uni- 
lateral renal artery constriction and vitamin Be-deficiency. 

(1) Unilateral renal artery constriction (Olsen ’50). Rats of ap- 
proximately 200 gm. were kept on standard laboratory diet of Purina 
checkers and after a basal blood pressure level was determined (4 
weeks) were separated into 3 groups. A sham operation, which con- 
sisted of making a flank incision and the production of slight trauma 
by movement of the viscera with a dull probe, was performed on one 
series. In the second group a similar incision was made which was 
followed by constriction of the left renal artery, accomplished by plac- 
ing a copper wire, 0.48 mm. in diameter, along the artery and tying a 
nylon ligature tightly around both the artery and the wire. When the 
wire was removed, the artery was left partially constricted. Both 
operations were performed under nembutal anesthesia. A third group 
of animals underwent no surgical procedures, and are designated un- 
operated controls. After allowing a period of 2 weeks for the animals 
to recover from the trauma of the operation, blood pressure readings 
were again obtained. At the end of an additional 3 weeks levels of 
blood pressure became relatively constant; two consecutive determina- 
tions taken 3 days apart agreed within 5 mm. Hg. The group of animals 
with renal artery constriction was subdivided into 3 sub-groups; blood 
pressure elevation of more than 25 mm., more than 20 mm., and those 
showing no change. 

(2) Vitamin Be-Deficient Animals (Olsen and Martindale ’52 and 
54). Weanling rats were placed on a complete, purified diet for a 
period of 4 weeks to obtain basal growth and blood pressure levels. 
At the end of the conditioning period the rats were divided into 3 
groups receiving the following dietary regimens: (1) complete purified 
diet; (2) vitamin Be-deficient diet; and (3) restricted intake of the 
complete purified diet to serve as weight controls for the deficient diet. 
Growth and blood pressure levels had plateaued after about 20 weeks 
and the experiment was terminated at the end of the 30 weeks on the 
experimental diets. 

All animals were killed by a sharp blow on the head followed by 
exsanguination after immediate decapitation. The heart was freed of 
extraneous fat, and the auricles and major vessels carefully removed. 
The resulting ventricular mass was blotted on filter paper and weighed 
to the nearest milligram. The adrenal glands were dissected free of fat 
and weighed with their capsules intact. 
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RESULTS 


All of the data are given for either “normotensive” or “hyperten- 
sive” animals. The unoperated controls from the first experiment and 
the animals on the complete purified diet in the second experiment 
gave a mean systolic blood pressure of 119 + 1 mm. Hg. and are 
tabulated (Tables 1 and 2) as normotensive-unoperated. The re- 
mainder of the normotensive subgroups showed a slight variation 
(mean variation + 5 mm. Hg.) in blood pressure. The hypertensive 
animals all showed an elevation of at least 20 mm. Hg. above the 
normotensive-unoperated group; the animals with renal artery con- 
striction had a mean of 157 + 5 mm. Hg. and the Be-deficient animals 
a mean of 142 + 3 mm. Hg. The organ weight data are expressed on 
the basis of a 100 gm. animal and ratios of observed/calculated 
weights; the latter was determined from the formulation of Addis and 
Gray (750 and ’50a) for male rats: 


Heart weight 


Phase I for BW 20-119 gm. log (HW in mg.) = 0.9872 + 0.8058 
log (BW in gm.). Phase II for BW 120-400 gm. log (HW in mg.) 
= 1.1754 + 0.7201 log (BW in gm.). 


Adrenal weight 


Phase I for BW 20-119 gm. log (AW in mg.) = 0.4378 + 0.4372 
log (BW in gm.). Phase II for BW 120-380 gm. log (AW in mg.) 
= 0.3038 + 0.4980 (BW in gm.) where BW is body weight, HW 
heart weight, and AW weight of both adrenal glands. 


The means of the observed heart weights per 100 gm. animals 
(Table 1) in the normotensive groups showed surprisingly little varia- 
tion. The animals on the restricted dietary intake had the largest 
hearts but were less than 5% above the unoperated controls. The 
hypertensive rats consistently showed cardiac hypertrophy as com- 
pared to the normotensive group; the means are significantly different 
with a probability of <0.001 (Fisher ’49). This increase in observed 
heart weight was found in both types of hypertension studied. The 
ratios of observed to calculated heart weights also showed little varia- 
tion in the normotensive groups. However, the ratios were consistently 
15 to 20% below unity, with the exception of the hypertensive Be- 
deficient animals which approached unity. 
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The adrenal weights of the normotensive groups, expressed on the 
basis of a 100 gm. rat, show more variation that the heart weights 
(Table 2). Again, the animals on the restricted diet had the greatest 
change, 15%. However, comparing the hypertensive groups to the 
normotensive unoperated group, the changes are much greater, the 
differences in the means are highly statistically significant (P <0.001). 
The hypertensive Be-deficient animals should possibly be compared to 
the restricted normotensive animals and even here the probability is 
still less than 0.001 that the difference is due to chance. It is evident 
that in animals which have hypertension, produced either by renal or 
dietary changes, the adrenals undergo hypertrophy. In addition, the 
ratio of observed/calculated adrenal weight approximated unity, indi- 
cating that the observed weight correlated well with the calculated 
weight using the formulation of Addis and Gray. 


DISCUSSION 


The measurement of systolic blood pressure in the unanesthetized 
rat by the foot-cuff method has been compared to other indirect and 
direct methods (Ablondi et al. ’47, Schroeder ’42, Olsen ’50), and has 
been found to give reliable, reproducible results. It is essential that 
the animals be trained and that the determinations be run by a single 
trained technician. 

The rats used in the 2 experiments were about the same age and 
weight at sacrifice—30 weeks for the animals with renal artery con- 
striction and 36 weeks for the Be-deficient animals—and may be con- 
sidered to have been young adult males as the life expectancy is ac- 
cepted to be three years. The controls in each group showed essentially 
the same level of systolic blood pressure. 

Cardiac hypertrophy definitely occurred in both types of hyper- 
tension studied. The animals with renal artery constriction showed 
an increase of almost 9% while the Be-deficient animals showed an 
increase of almost 25%. However, the weights of the heart do not 
check well with the formulation of Addis and Gray (’50) or Rytand 
(738). A possible explanation of this may be the fact that in this study 
the ventricular mass, with the auricles and major vessels dissected 
away, was used as the heart weight. However, Schroeder (’42) used 
essentially the same technique and his data are only slightly divergent 
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exact details of their procedure. In any case it would seem that the 
formulations which have been used predict a heart weight which is high 
by a factor of 20%. It is recognized, that although a relationship may 
be obtained between body size and heart weight, this relationship may 
not hold when the data are transposed on the basis of a 100 gm. animal 
or other parameters. 

The adrenal weight for the normotensive groups, on the other hand, 
agrees well with the predicted organ weight. Since the adrenals are an 
integral part of the “stress syndrome,” it would be expected that a 
restricted dietary intake would have an effect on their metabolism and 
total weight. A slight increase in the adrenal weight was found in this 
group but the difference was not significantly altered from the other 
control groups. While the trauma of either a renal artery constriction 
or sham operation would be expected to produce an effect on the 
adrenals, the time interval between traumatic experience and sacrifice 
was evidently sufficiently long to absorb any changes in the normo- 
tensive animals. The animals developing hypertension, however, 
showed a large and statistically significant increase in the adrenal 
weight. These data extend and confirm the tendency noted earlier 
(Olsen ’50, Deane and Masson ’51). 


SUMMARY 


1. Hypertension has been produced in male albino rats by either 
a unilateral constriction of the left renal artery or a diet deficient in 
vitamin Be. 


2. Heart and adrenal weights of the hypertensive animals were 
significantly increased as compared to normotensive controls on the 
basis of a 100 gm. animal. 


3. The predicted heart weights based on the formulations of Addis 
and Gray did not agree with the observed heart weights; the predicted 
or calculated values were consistently about 20% too high. 


4. The predicted adrenal weights based on similar formulations 
agreed well with the observed weights. 
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EFFECTS OF 8-AZAGUANINE ON EARLY CHICK EMBRYOS 
GROWN IN VITRO!” 


Wayne F. Fratr® aNp GILBERT L. WoopsIDE 


Department of Zoology, University of Massachusetts 
Amherst, Massachusetts 


(Received December 19, 1955) 
INTRODUCTION 


Most of the extensive literature on 8-azaguanine has been published 
since the report that this chemical would inhibit certain tumors 
(Kidder, Dewey, Parks and Woodside, 49). Using this same drug, 
Kidder and Dewey (’49) had found growth inhibition in the ciliate, 
Tetrahymena, while Roblin et al. (45) had reported the inhibition of 
certain bacteria (cf. Elion et al., 54; Reilly, 55). Multiplication of 
certain viruses has been affected using 8-azaguanine (Morgan, ’52; 
Matthews, ’53; Mercer et al., 53). It has been an effective inhibitory 
agent against an alga (Arnow et al., ’52) and fungi (Fries and 
Panders, ’51). 8-Azaguanine has caused interference with antibody 
formation in mice but not in rats (Malmgren et al., 52), has depressed 
the rate of incisor eruption in the mouse (Meyer et al., 51) and has 
retarded epithelization but not fibroplasia which occur during wound 
healing in the ear of the rabbit (Cooperman and Howes, ’51). 8- 
Azaguanine affects the embryonic development of rats (Sokoloff et 
al., 50), mice (Woodside, ’52), frogs (Bieber et al., ’52), tunicates 
and sea urchins (Markert, ’52), fruit flies (Goldsmith, ’53; Schultz 
et al., 55) and sunflowers (de Ropp, ’51). Youngner et al. (’50) 
reported that at 16 days, chick embryos which had received 8-azagua- 
nine in their yolk sacs at 4 days were smaller and showed hemorrhage 
as well as developmental abnormalities including edema of the skin 
and peritoneal cavity. The present work was undertaken in order to 


1 This paper is a revision of part of a thesis submitted to the University of Massa- 
chusetts in partial fulfillment of the requirements for the Master of Arts degree. 

2 The investigation was supported in part by a grant (C-1661 C3) from the National 
Cancer Institute of the National Institutes of Health, Public Health Service. 

3 Present address: The King’s College, Briarcliff Manor, New York. 
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determine what effects 8-azaguanine would have on early undifferea- 
tiated chick embryos grown in vitro. 


MATERIALS AND METHODS 


Barred Plymouth Rock eggs were used. Embryos were incubated 
to the streak and early somite stages and then transferred by section 
lifter from the eggs to warm Ringer’s or Tyrode’s solution in Syracuse 
watch glasses. The vitelline membrane was removed and most of the 
area opaca trimmed off. The blastoderm was then transferred to hard 
agar medium on a watch glass supported by a ring of cotton in a Petri 
dish. Three modifications of the media used by Spratt (’47a, b, ’48) 
were employed: albumen medium (medium 1) ,* yolk-albumen medium 
(medium 2)° and minimal medium (medium 3).° All materials which 
came in contact with the blastoderms were maintained at incubator 
temperature (ca. 38.5°C). 

8-Azaguanine solution was mixed with the cooling agar and in most 
of the experiments was tested at 6.25 mg/1. Fewer experiments were 
made with concentrations of 3.12 mg/1, 1.56 mg/1, 0.78 mg/1, 0.39 
mg/1, 12.50 mg/1 and 18.75 mg/1. Some pilot tests were made with 
concentrations higher than 18.75 mg/1. Medium 2 was used with all 
concentrations other than 6.25 mg/1 except where noted in the results. 
Constituents of the control and experimental media differed in that the 
former lacked 8-azaguanine. Triple distilled water was used in all 
solutions. Sterility was maintained. 

More embryos were explanted while at the definitive streak, head 
process or head fold stage than at stages younger or older. Treated 
embryos had comparable controls. The culture period for the majority 
was 25 to 32 hours, but embryos treated at the more dilute concentra- 
tions were grown for periods up to 39 hours. Intermittent observa- 
tions were recorded and drawings made during the culture period. 
Embryos were measured (anterior of brain to posterior of tail bud 


4 Medium 1 differed from the medium of Spratt (’47a) in containing a higher con- 
centration of agar (0.50 g/100 ml) and in having the albumen mixed with Tyrode’s 
solution instead of Ringer’s. 

5 Medium 2 differed from the medium of Spratt (’47b) in containing a higher con- 
centration of agar (0.62 g/100 ml). 

6 Medium 3 differed from the medium of Spratt (’48) in containing a higher con- 
centration of agar (0.62 g/100 ml) and in lacking phenol red. The medium containing 
Ringer-agar plus dextrose was boiled for 5 to 10 minutes instead of being autoclaved. 
Volume was restored with sterile distilled water. Carbon dioxide obtained from a 
generator was bubbled through the solutions 10 to 15 minutes. 
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region) using an ocular micrometer in a stereoscopic microscope, fixed 
with Bouin’s solution, sectioned serially at 10 » and stained with 
hematoxylin and eosin. A few embryos were stained with alum-car- 
mine and mounted in toto. 


RESULTS 


Chick embryos treated with 8-azaguanine at 6.25 mg/1 differed from 
controls in the following respects: (1) fluid-filled vesicles appeared on 
both sides of the embryonic axis at the posterior region; (2) somites 
were less numerous; and (3) embryos were shorter. Table 1 shows 


TABLE 1 


Comparison of All Chick Embryos Grown on Control Media and on Media 
Containing 6.25 mg/1 8-Azaguanine! 


Mean Values + Standard Error 
No. of No. of No. of 
Em- Posterior Em- Somite Em- Length? 
Group bryos Vesicles bryos Number bryos (mm) 


Control 59 60 12.0 + 0.7 48 3.28 + 0.10 
Treated 55 A5 + 0.3** 58 5.5 + 0.7** 46 2.69 + 0.14** 


1 Starting stages ranged from primitive streak to 10 somites. Three types of media 
were used (see text). Culture periods were between 18 and 33 hours. 


2 Measurements of embryos on media 2 and 3 only. 
** Significant at 1% level. 


the data on which these conclusions are based. Table 2 contains a 
more detailed record of three groups of embryos included in Table 1. 
The results were analyzed statistically using the ¢ test. Vesicles as 
recorded here were measured on an arbitrary scale of increasing size 
from 1 to 10. Similar differences in length, vesicle size and somite 
number were noted between treated and control embryos on all three 
types of media. Lengths of treated embryos grown on medium 1 were 
significantly shorter than the medium 1 controls; but measurements 
are not included in the tables because they were made from serial 
sections, whereas the other measurements were made on living speci- 
mens just prior to fixing. 

The posterior vesicles (Figs. 2, 3) appeared to be the result of an 
accumulation of fluid which caused the ectodermal layer to be stretched 
dorsally and the material surrounding the neural tube to be compressed 
ventrally or displaced laterally (Figs. 4, 5, 7). In this region the 
dorsal aortas were broken and all vesicles contained debris, much of 
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EXPLANATION OF FIGURES 


(1) Control chick embryo explanted at the head fold stage and cultured 23 hours 
on medium 2 (yolk-albumen medium). X26. 

(2) Treated chick embryo explanted at the head fold stage and cultured 24 hours 
on medium 2 containing 6.25 mg/1 8-azaguanine. X26. 

(3) Treated chick embryo explanted at the head fold stage and cultured 31 hours 
on medium 2 containing 3.12 mg/l 8-azaguanine. X26. 

(4) Treated chick embryo explanted at the head process stage and cultured 26 hours 
on medium 1 (albumen medium) containing 6.25 mg/1 8-azaguanine. Section from 
posterior vesicle region. X65. ° 

(5) Treated chick embryo explanted at the 9-somite stage and cultured 25 hours on 
medium 2 containing 6.25 mg/l 8-azaguanine. Section from posterior vesicle region. 
X65. 

(6) Control chick embryo explanted at the head process stage and cultured 31 hours 


on medium 2. Section from posterior somite region. X65. 

(7) Treated chick embryo explanted at the head process stage and cultured 31 hours 
on medium 2 containing 3.12 mg/1 8-azaguanine. Section from posterior vesicle region. 
X65. 
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which appeared to have come from embryonic blood cells. Gross ob- 
servations showed that posterior vesicles began to develop after 7 to 
12 hours of cultivation in embryos explanted at the definitive streak, 
head process, or head fold stages and treated with 8-azaguanine at 
6.25 mg/1. 

Data from experiments using 8-azaguanine at 4 lower concentra- 
tions are also summarized in Table 2. Statistical analyses were made 
with the ¢ test or analysis of covariance and differences were not con- 
sidered significant unless the probability was < 0.01. 8-Azaguanine 
at 1.56 mg/1 was the lowest concentration producing statistically ac- 
ceptable effects upon the embryos, and at this concentration vesicles 
began to develop between 13 and 27 hours after explantation. 

The presence of posterior vesicles, a smaller somite count and 
shorter embryos have been observed after treatment with 8-azaguanine 
concentrations of 9.38 mg/1 (9 embryos), 12.50 mg/1 (11 embryos 
three of which were on medium 1) and 18.75 mg/1 (8 embryos). At 
the two highest concentrations there appeared to be earlier degenera- 
tion throughout the embryo and less consistent expansion of the 
posterior region. In somite-stage explants rapid breakdown of somite 
elements appeared to follow a temporary increase which occurred - 
shortly after explantation. 


DISCUSSION 


Edematous regions with a resemblance to the vesicles reported here 
have been observed previously in chick embryos. Byerly (’26a) after 
suffocation experiments reported finding anomalous blood sinuses 
(mostly venous). Some of his embryos were bladder-like after 7 days 
beyond the cessation of heart beat (Byerly, ’26b). Hinrichs (’27) 
after giving ultraviolet radiation reported that large vesicles frequent- 
ly appeared laterally to the embryonic axis. Sevket’s (’42) suffoca- 
tion experiments revealed that edema appeared early in the area pel- 
lucida and later in the posterior edge of the embryo. He reported 
that complete degeneration was accompanied by more extensive intra- 
embryonic edema. It appears that the embryos of all these investi- 
gators had faulty circulation and degenerating tissue. 

In support of the hypothesis that degeneration is involved in vesicle 
formation, the present work revealed that blastoderms in culture be- 
came swollen bubble-like sacs after several days, most of the embry- 
onic structures having disintegrated by this time. It may be that 8- 
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azaguanine in the culture medium is acting so as to cause a breakdown 
at the region of Hensen’s node which is a very active region of the 
embryo, for the node would have regressed to the posterior region of 
the embryo by the time the posterior vesicles were seen to have begun 
their development. 

Shorter embryos and diminished somite numbers may have been 
caused by a primary effect of 8-azaguanine or a secondary effect such 
as the influence of vesicular fluid. 8-Azaguanine is known to be a 
mitotic poison for certain tumors (Shapiro et al., 50; Woodside et al., 
53); so the rate of cell division throughout the embryo may be de- 
creased. However, evidence opposing an influence of 8-azaguanine on 
mitotic rate in the basal layer of the visual retina of mouse embryos 
has been presented by Kelton and Woodside (’55). 

During the present experiments, in which over 1,000 eggs were 
opened, one embryo resembling an azaguanine-treated animal was dis- 
covered in an egg which had been incubated for 36 hours. It was 4 mm 
long and had two posterior vesicles (size 5), a small heart and 5 
somites on the left and 4 on the right. Serial sections showed that a 
bridge of embryonic blood cells lay between the vesicle regions and 
broken aortas on both sides. Thus, rarely an embryo in vivo can de- 
velop a condition similar to that found in 8-azaguanine-treated 
embryos. 


SUMMARY 


Primitive streak to early somite stage chick embryos were grown on 
agar culture media containing 8-azaguanine. They differed significant- 
ly from controls by having fewer somites, by being shorter and by 
developing vesicles on both sides of the axis in the posterior region. 
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INTRODUCTION 


That the thyroid hormone affects the growth, maturation, and 
differentiation of tissue is generally accepted. Therefore, it could be 
reasoned that an excess of the thyroid hormone might facilitate can- 
cer development and that a deficiency of the hormone might inhibit 
carcinogenesis. That such a relationship might exist has been an 
entertaining one and has stimulated several investigators to study 
this problem. 

One of the first investigators to propose the theory that lack of 
thyroid hormone affected cancer growth and development was Stuart- 
Low (1909). This author stated that he “had never seen cancer and 
myxedema at the same time in the same patient.” In putting this 
clinical observation to an experimental test, he removed the thyroid 
gland from five inoperable cases of malignant tumor, and found tem- 
porary cessation of tumor growth as well as subjective symptomatic 
improvement. Although these patients eventually died, he stimulated 
much interest in this type of study. Rohdenburg, Bullock, and John- 
ston (1911) found that surgically thyroidectomized rats had a de- 


* This investigation was supported in part by a research grant, USPHS C-2020-C, 
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creased incidence of takes to the Flexner-Jobling rat carcinoma. 
Shibata (1929) showed that partial ablation of thyroid in rabbits 
prevented epithelial proliferation following the application of “coal- 
tar pitch” to the skin of their ears. Murohara (1930) observed that 
thyroidectomy tended to inhibit the growth of transplanted sarcomas 
in rabbits. Nishida (1935) and Kosugi (1937) using the Kato rab- 
bit sarcoma confirmed Murohara’s results. Levine and Kugel ({933) 
implanted the mouse tumor #180, and found that the average size 
of tumors in thyroidectomized mice were smaller than the tumors of 
normal controls. McJunkin, Templeton, and Kravec (1936) using 
albino rats inoculated with rat uterine spindle cell sarcoma, observed 
that complete surgical thyroidectomy resulted in resistance to tumor 
growth. Dargent, e¢ al., (1951) using thyroidectomized female al- 
bino rats inoculated with the tumor #8 of Guerin (uterine adenocarci- 
noma), found that deficiency of the thyroid hormone exerted an in- 
hibitory effect on the growth of this tumor. 

Morimoto (1932) was one of the first workers to report that 
thyroidectomy neither decreased the incidence nor reduced the size 
of tumors of rabbits produced by coal tar. Bischoff and Maxwell 
(1932) observed that there was no significant difference in the per- 
centage of takes or in the rate of growth of the rat carcinoma 
(256) between thyroidectomized and non-thyroidectomized animals. 
Smith, Wells, and D’Amour (1942) observed that after methylcholan- 
threne administration, thyroidectomy did not influence the incidence 
of tumor development in rats. Sloviter (1951) was the first to use 
radioactive iodine (I'*') as a method of producing thyroidectomy. His 
results indicated that I'*' thyroidectomy had no noticeable effect on 
the transplantability, rate of tumor growth, or the survival time of 
mice inoculated with a fibrosarcoma. 

It is readily apparent from the contradictory results reported that 
the role of the thyroid in cancer development is still not established. 
Not only is there disagreement on the effect of thyroidectomy on car- 
cinogenesis, but many of the investigators have drawn conclusions 
from insufficient data. On the basis of the inconclusiveness of the re- 
ported investigations, it seemed desirable to investigate further this 
problem employing techniques which would rigidly control the 
athyrotic state of the animal. In this investigation, the influence of 
total thyroidectomy produced by I'*' on the development of malig- 
nant rat tumors induced by 3-methylcholanthrene was studied. 
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MATERIALS AND METHODS 


Sixty-six (66) female Long-Evans strain rats, each weighing be- 
tween 175-225 grams and approximately 20 weeks old initially, were 
used in this experiment. The rats were divided equally into three 
groups and the groups were numbered I, II, and III. The rats in 
Groups I and II at 24 weeks of age were subjected to a thyroidecto- 
mizing dose of I'*', whereas the animals in Group III were not thy- 
roidectomized. To observe the effects of athyreosis on cancer devel- 
opment, the animals in Groups I and III were subjected to the effects 
of a carcinogenic agent. The animals in Group II were used to deter- 
mine the incidence of spontaneous tumor development and to act as 
a control on the efficiency of thyroidectomy. 

The rats were housed in metal cages, had free access to food and 
water, and maintained under similar environmental conditions. Stand- 
ard Purina Laboratory Chow, which contains 1-3 micrograms of 
iodine/g of diet, was given initially to all the rats and to the non- 
thyroidectomized rats throughout the experiment. Following the I’** 
injection, the animals in Groups I and II were started on meal form 
of Purina Fox Chow containing 1-2 micrograms of iodine/gm of diet 
to which was added propylthiouracil in sufficient quantity to make a 
concentration of 0.2% by weight. Propylthiouracil was given in an 
effort to interfere with the synthesis of thyroxine from ingested iodine 
in regions of the body other than the thyroid gland, as described by 
Chapman (1941), Morton, e¢ al. (1943), and Leblond (1951). 

The rats in Groups I and II were thyroidectomized by a single, 
intraperitoneal 1-miilicurie dose of carrier free I'*' as NaI’, which is 
125 microcuries in excess of an effective thyroidectomizing dose as 
described by Goldberg, e¢ al. (1950). 

The degree of thyroidectomy was evaluated by several methods: 

A. Objective evidence of athyreosis was observed including skin 
changes and motor activity. 

B. The rats were accurately weighed at regular intervals through- 
out the experiment. 


C. Gross and microscopic examinations of the thyroid were done. 
When the animals expired during the experiment or were sacrificed 


1 The [131 was obtained from the Abbott Division of the Radioactive Laboratories, 
Oak Ridge, Tennessee. 
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at the termination of this investigation, the thyroid area was care- 
fully examined. Tissues from this area were then fixed in 10% for- 
malin, stained with hematoxylin and eosin and examined micro- 
scopically. 

D. I'*' uptake studies were made at the termination of the ex- 
periment on all rats in Groups I and III and six rats in Group II. 
Five microcuries of carrier-free I'*' was given intraperitoneally 
24 hours prior to sacrificing the animals. The rats were then killed 
with U.S.P. chloroform and the blood drained from the head and neck 
by severing the abdominal aorta and vena cava with the animal sus- 
pended by the head. The thyroid was removed by dissecting in block 
the trachea, thyroid, and peritracheal tissues. The trachea was di- 
vided longitudinally. One-half of the specimen from the thyroid 
area was used for microscopic study. The remaining tissue was mace- 
rated thoroughly, leached with 5 cc. distilled water for 12-18 hours, 
mixed with 1 cc. 1 N NaOH and centrifuged. Two cc. of the filtrate 
was dried in appropriate sized planchets under an infra-red lamp and 
the radioactivity of the dried residue was determined by use of a 
Geiger-Miieller tube. For comparison of thyroid with non-thyroid 
tissue in each rat, a section of the sternomastoid muscle was treated 
and counted in a similar manner. 

3-Methylcholanthrene* was the carcinogenic agent used in this in- 
vestigation. The methylcholanthrene was dissolved by heating with 
olive oil to 60°C, and was injected with a tuberculin syringe fitted 
with a 22-gauge needle. A single subcutaneous right axillary injection 
of 4 mgm. methylcholanthrene in 1 cc. olive oil (0.4% solution) was 
given to 22 Group I athyroid rats and to 21 Group III euthyroid rats. 
Group I rats were injected at 40 weeks of age and 16 weeks after 
thyroidectomy. Group III rats were injected when they were 34 
weeks old. 

The animals were observed frequently for evidence of tumor 
growth. Tumor size was estimated by measuring two diameters and 
recording the mean diameter in mm. At the time of malignant tumor 
development, biopsies of the tumors were obtained. In addition, the 
right axillary region and internal organs of all the rats which received 
the carcinogen were examined as the animals were sacrificed. 


2 The 3-methylcholanthrene was obtained from the Eastman Kodak Company of 
Rochester, New York. 
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FIGURE 1 
Comparison of size of euthyroid rat, A, and athyroid rat, B. 
FIGURE 2 
Chronic inflammatory tissue reaction. Hematoxylin-eosin, x 75. 
FIGURE 3 
The same at higher magnification. Hematcxylin-eosin, x 300. 
FIGURE 4 
Fibrosarcoma. Hematoxylin-eosin, x 75. 
FIGURE 5 
The same at higher magnification. Hematoxylin-eosin, x 300. 
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RESULTS 


Thyroidectomy was complete in all of the thyroidectomized rats. 
The thyroidectomized animals were smaller (see Figure 1), the skin 
of their tails was coarse, rough, and covered rather uniformly with 
scales and crusts, the body fur was scanty, and they showed im- 
paired locomotion, slower motor responses, and general lethargy. The 
thyroidectomized rats uniformly showed a retardation in weight gain 
(Table 1). At autopsy, none of the thyroidectomized animals showed 
any thyroid tissue on gross or microscopic examination. Moreover, 


TABLE I 
The Effect of Thyroidectomy on Retardation of Body Weight. 


Mean Wt. 
No. of Initial Wt. Gms. Final Wt. Gms. Increase 


Groups Animals Mean Range Mean Range Gms. 


I 
Thyroidectomy : 
and 22 178 154-220 208 192-237 30 


Methylcholanthrene 
II 
; Thyroidectomy 23 160 144-173 180 157-198 20 


Ill 
Methylcholanthrene 21 184 153-226 255 212-314 71 


TABLE II 
I'31 Tracer Uptake Studies in Thyroidectomized and Non-Thyroidectomized Animals. 


Thyroid Counts Per Minute Sternomastoid Muscle 
. No. of _Above Background Counts Per Min. 
y Groups Animals Mean Range Above Background 


I 


{ Thyroidectomy 
and 16 65 14-186 . 0 
Methylcholanthrene 
II 
Thyroidectomy 6 74 30-141 ft) 
III 
% Methylcholanthrene 19 15,193 10,962-21,285 0 


as seen in Table 2, there was no concentration of I'*' in the thyroid 
area of the athyrotic rats. 

In all the animals, firm discrete nodules less than 10 mm mean diam- 
eter developed at the site of the carcinogen injection during an inter- 
a val ranging from 30 to 120 days. As described by Hill, e¢ al. (1943) 
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and confirmed by biopsying two of our rats, these tumors represented 
typical chronic inflammatory tissue reaction (see Figures 2 and 3). 
On gross examination, grayish-white, vaguely outlined fibrous strands 
were seen. Microscopic examination revealed fibroblastic and granu- 
lation tissue with lymphocytes, plasma, and large mononuclear cells 
scattered throughout. Cystic spaces filled with lipid material were 
also observed. These nodules grew to a mean diameter of approxi- 


1005 
90 

70 
60- 
50- 


EUTHYROID RATS 
ES ATHYROID RATS 


PerCent Animals with Malignant Tumors 


Days After Carcinogen Injection 


CHART 1 
The rate of development and incidence of malignant tumors in 21 euthyroid and 
22 athyroid rats. 


mately 10 mm and remained at approximately this size until malig- 
nant change occurred, at which time the tumors began to grow 
rapidly. 

The incidence and rate of development of malignant tumors is 
shown in Chart 1. Rapid increase in tumor size was first observed 
in a euthyroid rat on the 106th day following carcinogen injection, 
and biopsy material clearly demonstrated fibrosarcoma. By the 116th 
day, three of the euthyroid rats showed neoplastic growth. The first 
fibrosarcoma to develop in an athyrotic rat was observed 130 days 
after methylcholanthrene injection. After 136 days, 14 of the 
euthyroid and only three of the athyrotic showed fibrosarcoma de- 
velopment. By the 177th day, 19 of the euthyroid and eight of the 
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athyrotic animals showed neoplasia. At 205 days, all 21 of the non- 
thyroidectomized rats showed fibrosarcoma, and 14 of the thyroidec- 
tomized animals showed cancer development, 13 rats had fibrosarcoma 
and one rat had both a fibrosarcoma and a squamous cell carcinoma. 
At 256 days, 17 athyrotic rats revealed fibrosarcoma, and after 322 
days, 18 thyroidectomized animals showed fibrosarcoma. On gross 
examination, the typical fibrocsarcoma appeared as a grayish-white or 
yellow-white firm mass that compressed the surrounding muscle with- 
out definite encapsulation. Microscopic examination revealed irregular 
strands and sheets of fibroblastic spindle cells which infiltrated the 
adjacent muscle and connective tissues. The tumor cells were ana- 
plastic with deeply basophilic, hyperchromatic nuclei (see Figures 4 
and 5). An atypical reaction was observed in one athyrotic rat that 
lived 322 days with a mean tumor diameter of only 5 mm which 
showed on microscopic examination the typical characteristics of a 
squamous cell carcinoma. Although each animal was examined for 
visceral metastasis none was found. 

In the euthyroid group (Group III), the time interval between the 
injection of methylcholanthrene and the onset of neoplasia ranged 
from 106 to 205 days with an average of 147 days. In the athyrotic 
group (Group I) neoplasia developed in 203 days with a range of 
130 to 322 days. One-hundred percent of the non-thyroidectomized 
group developed neoplasia by 205 days, and 86.4% of the thyroidec- 
tomized group developed malignant growth by 322 days. Only three 
of the athyrotic rats failed to develop malignant growth. 


DISCUSSION 


Although it cannot be concluded from the data presented that thy- 
roidectomy alters the incidence of induced malignancy under the 
conditions described, it is quite obvious that the time of onset of 
malignancy development in the tissues exposed to the methylchol- 
anthrene is definitely delayed. The role of the thyroid hormone in 
carcinogenesis has never been clearly defined; however, the data pre- 
sented indicate that its absence modifies the carcinogenic action of 
the carcinogen employed. It should be emphasized that propylthioura- 
cil was given to these animals for the purpose of maintaining an 
athyrotic state. Although this assured that no resynthesis of thyroid 
hormone would occur in these animals, it also introduced the possible 
factor of the chemical itself playing a role in the results obtained. 
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However, the authors have found no indication from reviewing the 
literature that there is any direct effort of propylthiouracil in carcino- 
genesis. It is abundantly clear, however, that methylcholanthrene 
tumors can develop in the athyroid rat and that athyreosis does not 
prevent the development of malignant tumors. It should also be em- 
phasized that these animals were not pair-fed, as this would not es- 
tablish an iso caloric state in the thyroidectomized animal. The effects 
reported on the incidence of induced cancer may, therefore, be a 
result of either direct or indirect metabolic changes following the thy- 
roidectomy. These experimental studies do not suggest that thyroidec- 
tomy would result in remissions in symptoms and signs as was de- 
scribed by Stuart-Low in human beings. The authors’ observations 
would suggest, however, that the rate of development of the malignant 
growth might be impeded. 

Since only one tumor was studied in one species of animal, it does 
not exclude the possibility that thyroidectomy might be more effec- 
tive in other situations. 

Shibata (1929) found that thyroidectomy modified the epithelial 
proliferation of rabbits’ ears painted with “coal-tar pitch”. This 
study, however, was not extended to include the effect of thyroidec- 
tomy on the rate of malignant tumor development. Morimoto (1932) 
reported that under similar conditions, thyroidectomy did not alter 
the development of tumor, but he used only three animals, which 
makes it difficult to assess the validity of his results. Smith, Wells, 
and D’Amour (1942) observed that thyroidectomy after methylchol- 
anthrene administration did not influence the incidence of tumor de- 
velopment in rats. However, since surgical thyroidectomy was per- 
formed after the carcinogen was injected, the animals were obviously 
not athyrotic for the first several weeks of the experiment. Sloviter 
(1951) found that I'*' thyroidectomy had no noticeable effect on the 
rate of tumor growth of mice inoculated with fibrosarcoma. Sloviter, 
however, made no observations employing chemically induced malig- 
nancy. 


SUMMARY 


The effect of athyreosis on the incidence of induced malignancy 
was studied in Long-Evans rats. Thyroidectomy was accomplished by 
administering I'*!. Rat sarcoma was induced by the use of 3-methyl- 
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cholanthrene. Total thyroidectomy significantly prolonged the time 
interval between methylcholanthrene injection and the time of the 
development of sarcoma. One hundred per cent of the euthyroid rats 
developed neoplasia and 86.4% of the athyreotic rats showed malig- 
nant tumor growth at the time of the termination of the experiment. 
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INTRODUCTION 


Numerous conditions are known to affect plant responses to X-irra- 
diation. Some of the factors which contribute to the variation in 
responses are differences in species as well as differences among mem- 
bers of the same species (3, 7), continuous or intermittent irradiation 
(3), temperature during irradiation (8, 10, 11), the conditions of 
storage after irradiation(18), the state of the seeds during irradi- 
ation (12), the concentration of oxygen (6), and lastly, the 
water content (3, 7). Medium large doses of X-irradiation gener- 
ally injure the seed, thus inhibiting germination and early growth (3). 
Small dosages have been reported to stimulate germination or 
growth of vegetative parts; however, when large samples were 
used, uniform excitation has not been demonstrated (1, 3, 9, 13). The 
stimulative effects of small dosages involved only limited numbers 
and could be due to inherent variation of the individuals. 

X-irradiation has been reported to induce changes in plant move- 
ments. Small doses caused folding of the leaves, while larger doses 
produced paralysis (15). Tropic responses were increased by small 
dosages and retarded by large dosages (4). Since the tropic responses 
of Avena sativa seedlings are comparatively well understood, it was 
used in the present study to observe the effects of X-irradiation on 
the various growth characteristics of the seedlings. 


1 Supported in part by the Atomic Energy Commission. 
2 Present address is Department of Biophysics 
University of California 
Los Angeles 24, California 
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EFFECTS OF X-IRRADIATION ON SEEDLINGS 


MATERIALS AND METHODS 


The seedlings of Avena sativa, Victory strain (U. S. Department of 
Agriculture C.I. 2020),* were grown as previously described (12). 
Plants with 30 + 1 mm. coleoptiles were selected for tropic responses. 
An X-ray machine with a 1 mm. aluminum screen was the irradiation 
source. Samples were placed in the beam at specific distances from 
the anode such that growing plants received 25 r/min., dry seeds re- 
ceived 51-58 r/min. and soaked seeds received 150 r/min. Dosages 
were measured with a 100 r thimble of a model 70 Victoreen con- 
densor r meter. Consecutive readings were reproducible within 6 r/min. 
Dry seeds and 30 mm. plants were irradiated without tempera- 
ture control. Germinating seeds were irradiated in a temperature con- 
trolled bath in which a copper-constantan thermocouple indicated a 
maximum change of 3° C during an irradiation time of 360 minutes. 
Dry seeds in petri dishes were irradiated daily with 3000 r. When the 
accumulated dosage reached the desired level an aliquot of seeds was 
removed and placed in the regular growing cycle. 

For studies of elongation rates and tropic responses seedlings were 
placed in individual holders in portable, light-tight aquaria and irradi- 
ated. Subsequent measurements were made in the dark room under 
red light from neon contained in ruby glass tubing. Elongation rates 
were measured for a 120 minute period with a Filar ocular mi- 
crometer. Curvatures were measured with a protractor after a 
60 minute reaction time. 


EXPERIMENTAL RESULTS 


Germination Changes: At the end of a 100 hour growth period, 
about 1 in 100 seeds failed to develop either root or coleoptile and 
1 in 300 failed to develop both. The number of germinating indi- 
viduals did not change as the dosage was increased, and there was no 
change in germinating numbers at the lower dosages. 

Loss of Component Parts: Table 1 shows an inverse relationship 
between dosage and number of roots. The first to disappear were the 
second adventitious roots, then the first adventitious roots, and lastly, 
the primary root. Soaked or germinating seeds proved to be more 
sensitive than dry seeds. As the dosage was increased (Table 1) there 


3 Supplied by the United States Department of Agriculture. 
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was a decrease in the number of plants in which leaves emerge from 
the coleoptile. At dosages above 35,000 r an extra 24 hour period 
elapsed before these observations were taken. Above 60,000 r no 
additional amount of maturation time increased the numbers of 
coleoptiles that were penetrated by leaves. 


TABLE 1 
The effect of X-irradiation on number of roots per plant and leaf emergence. Plants 
from seeds receiving dosages above 3 x 104 r were allowed an extra 
24 hours to mature. 


Percent 


coleoptiles Number 
with leaves of roots Roentgen 
Seeds emerging per plant dosage 


dry 
germinating 


86.8 


dry 
germinating 


dry 
germinating 


dry 
germinating 


dry 
germinating 


dry 
germinating 


dry 
germinating 


dry 
germinating 


All plants 100 or 148 hours old, except those from soaked seeds, 
irradiated with 36,000 r, developed chlorophyll when placed in arti- 
ficial or natural white light. Plants from soaked seeds exposed to 
36,000 r did not show chlorophyll after 8 hours exposure to white 
light. Etiolated coleoptiles irradiated for tropic tests showed no 
chlorophyll development at the end of the test period. 

Elongation: Coleoptiles (Figure 1A) had a growth inhibition 
threshold of 3000 r for soaked seeds and 9000 r for dry seeds. As the 
dosage to dry seeds was increased to 4000 r, the coleoptiles revealed 
an increase in length, but the difference between the means was not 


P| 82.6 4 3,060 
72.2 4 3,030 

92.7 4 6,120 
69.0 4 6,480 

69.2 4 9,078 
64.0 3 9,000 

P| 64.5 3 18,480 
17.3 3 18,000 
68.7 3 34,150 ; 
00.0 3 36,000 

P| 16.6 3 62,036 

15.1 3 81,656 
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statistically significant. Coleoptiles from irradiated soaked seeds also 
revealed no increase in elongation at low dosages. A maximum growth 
inhibition first occurred at 18,000 r for soaked seeds and 35,000 r for 
dry seeds. At greater irradiation dosages there was no significant de- 
crease in coleoptile length. 

Above 3000 r for soaked seeds and 9000 r for dry seeds, roots had 
the same over-all response as the coleoptiles, a decrease in root length 
with an increase in radiation dosage; however, a difference was ob- 
served at the lower dosage levels. The curves in Figure 1B show an 


A 
coleoptiles 


millimeters 


o sooked seeds 
e dry seeds 


i 
rxio> 80 


i lL l 
20 40 
FIGURE 1 


Length of plant as affected by X-irradiation of seeds. Part A of the figure is coleop- 
tile length; part B is root length. The vertical bar length indicates standard deviation. 


increase in root length as the dosage was increased to 6000 r, a slow 
decrease in root length as dosage was increased to 9000 r, a rapid 
decrease in root length with small increments of dosage increase, and 
finally, above 20,000 r small decreases in root length with large in- 
creases in dosage. Up to 9000 r the differences between the individual 
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means of root length of irradiated dry seeds are statistically signifi- 
cant (Figure 1B); this is not true of the individual means of root 
length of irradiated soaked seeds. 

30+ 2 mm. coleoptiles that were irradiated with as much as 
5,500 r had an average elongation rate of 1.5 mm./hr, with a variance 
of 0.5 to 3.0 mm./hr. The average coleoptile elongation rate for con- 
trol plants was 1.7 mm./hr. with a variance of 1 to 3 mm./hr. The 
elongation rate of mature coleoptiles was not affected by the low ir- 
radiation dosages applied apically or unilaterally. 

Tropic Responses: The average geotropic curvature of coleoptiles 
from non-irradiated seeds was 27.8° varying from 20° to 36°. For 
coleoptiles grown from irradiated soaked seeds the average curvature 
was 29.2° varying from 22° to 38°. The difference in the curvature 


was not significant. 


TABLE 2 
GEOTROPIC RESPONSES OF X-IRRADIATED PLANTS 


The Magnitude of the Response Is Expressed in Average Degrees of Final Bending 
There Were at Least 25 Individuals in Each Sample. Probability Is 
Calculated by Student’s “t” Test. 


Plane of vascular Average Probability 
bundle and position Dosage degrees of Range of adjacent points 
of irradiated side Roentgen bending variation are the same 
Bending at 


right angles to 
vascular bundles 


X-irradiated 


side up 8.0 


3,065 28.4 19-38 


Bending 
parallel to 
vascular bundles 


X-irradiated 
side down 


X-irradiated 
side up 


Plants which were unilaterally irradiated with as much as 5,500 r 
and maintained in a vertical position for 60 minutes bent toward 


0 26.3 18-32 
P| 0 23.0 15-23 
0.06 
3,965 16.0 8.34 
5,544 14.6 11-20 
1.3 
P| 5,520 16.8 8-24 
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(+5°) and away from (—5°) the source of irradiation in the same 
aquaria. There was no correlation between dosage and amount or 
direction of the bending. 

Table 2 gives the results of unilaterally irradiating different sides 
of the coleoptiles and then causing them to bend geotropically. A 
decrease in the amount of bending was observed if the X-irradiated 
coleoptile was required to bend in a plane parallel to the vasculai 
bundles. X-irradiation did not alter the amount of bending when 
coleoptiles were allowed to bend at right angles to the plane of the 
vascular bundle. The mean difference in bending was about 10° which 
is statistically significant as indicated by the “t” test. 


DIscussION 


In the present study involving large numbers of seeds, about 98% 
germination was obtained and no change occurred with dosages of 
X-ray up to 80,000 r. Changes in germination rates were not specifi- 
cally tested, although at dosages above 30,000 r it was noted that 
the plants were a little smaller at the time of transplantation. These 
results are not in agreement with findings from small numbers of 
seeds but are in agreement with data from large numbers of seeds 
(3, 13, 14, 15). 

The effects of moderate dosages of X-irradiation on Avena growth 
are in basic agreement with results from other kinds of seeds 
(3, 4, 14, 17, 18). After the threshold of growth was reached a 
decrease in length was brought about by each additional increment 
of irradiation. The threshold for dry oat seeds was 9000 r while for 
dry bean seeds it has been reported as 20,000 r (42). 

Seedlings have been reported to be 5 to 30 times as sensitive to 
X-irradiation as dry seeds (7, 15, 18). The present results show 
that soaked oat seeds were about 3 times as sensitive as dry seeds. 
The sensitivity of dry seeds and soaked seeds cannot be strictly com- 
pared to other data because measurements of water content were not 
made in the present study. Further, soaked seeds were irradiated 
with a continuous dose while dry seeds were irradiated intermittently. 
Intermittent irradiation is known to be less destructive (18), and it is 
expected that the sensitivity ratio of dry to soaked seeds would de- 
crease as the intermittent irradiation effect on dry seeds decreases. 
The difference in sensitivity between dry seeds and soaked seeds 
(Figure 1) is the sum of the effects of water content and intermittent 
irradiation. 
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In vitro X-irradiation produces peroxides which in turn inactivate 
auxin (17). The peroxide effect can explain the difference in re- 
sponse of soaked and dry seeds. Soaking seeds increases the water 
content of the tissue and subsequent irradiation would produce pro- 
portionately more peroxide and thereby a greater effect of irradiation 
could be induced. Intermittent irradiation subjects the tissue to less 
total peroxide since there is time between irradiations for the per- 
oxides that have been formed to decompose spontaneously or by en- 
zyme action. 

The orientation of the coleoptile in the X-ray beam did not induce 
bending; however, when irradiated coleoptiles were required to bend 
in a plane parallel to the plane of the vascular bundle, smaller curva- 
tures were developed than when irradiated coleoptiles were bent at 
right angles to the plane of the vascular bundle. Moderate dosages 
of X-rays have no effect on auxin synthesis or on its transport in 
Avena (17). The elongation rate of coleoptiles is the same for non- 
irradiated plants and those irradiated with 5,500 r. This indicates 
there is an ample supply of auxin and that the irradiated cells are 
as sensitive to it as non-irradiated cells. This implies that, at these 
low dosages, X-irradiation effect on the coleoptile must have been 
on something other than production of peroxides. 


SUMMARY 


1. X-ray dosages as high as 80,000 r did not alter the percentage 
of Avena seeds germinating, although a decrease in germination rate 
was observed. 

2. Soaked seeds were 3 times more X-ray sensitive than dry seeds. 
For coleoptiles and roots the growth inhibition thresholds were 3,000 r 
for soaked seeds, 9,000 r for dry seeds. At dosages greater than the 
growth inhibition threshold, X-irradiation produced similar inhibitory 
effects in coleoptiles and roots. 

3. Coleoptiles were more reliable indicators of X-irradiation dam- 
age than roots because less variability of sample was exhibited. Varia- 
bility of the sample decreased as the dosage increased. 

4. X-irradiation induced a loss of component parts and increased 
maturation time. As the dosage was increased more plants failed to 
develop leaves. The adventitious roots were more sensitive to irradi- 
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ation than the primary roots. Irradiated plants and plants from ir- 
radiated seeds retained the ability to synthesize chlorophyll. 

5. Irradiation decreased the geotropic response of the coleoptile 
when bending occurred in a plane parallel to the vascular bundles. 
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Much of the interest concerning the problem of heterosis in plants 
has been concentrated on the seedling and maturation phases of 
growth. Undoubtedly the practical point of view and, to some extent, 
the difficulties entailed in working with embryonic material have re- 
sulted in a relative dearth of knowledge of the phenomenon of hetero- 
sis during embryonic plant growth. 

The object of this study was to determine whether heterosis occurs 
during selected phases of embryogeny. Two inbreds of Zea mays 
and their reciprocal hybrids were used in this study, and the rates of 
two dissimilar growth phenomena were determined. One of these is 
the growth rate of the scutellum as an example of an organ of defini- 
tive growth, i.e., it completes its growth during embryogeny. The 
other is the rate of initiation of a sequence of similar organs—the 
leaves. Only about a third of the total number of leaves of the ma- 
ture plant is initiated by the time the embryo reaches maturity. For 
the purpose of this study, heterosis is defined in terms of the better 
parent, that is, any increase of the hybrid over the better parent is 
attributed to heterosis. 


MATERIALS AND METHODS 


Two Minnesota Agricultural Experiment Station long time inbreds, 
A96 and A148, were used in this study. These were chosen for their 
similarity in date of pollination, general and specific combining ability, 
and also in yield, yet they are derived from divergent genetic back- 
grounds. Inbred A96 was originally selected from a cross of inbred 
64 x inbred N, the two lines having been selected from Northwestern 
"1 This study is a portion of a MS. thesis submitted to the Graduate Faculty of 
the University of Minnesota. The writer is indebted to Drs. E. H. Rinke and E. C. 
Abbe for their advice and interest throughout the progress of the study. Dr. B. O. 


Phinney’s assistance is gratefully acknowledged as well as the advice of Dr. M. M. 
Green with whom certain aspects of this study were discussed. 
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Dent and Reid’s Yellow Dent respectively. Inbred A148 is a selec- 
tion from a cross of inbreds 43 x 46, which were derived from 
Minn. 13. A96 and A148 were planted in adjacent plots at University 
Farm on June 25, 1950. Two kernels per hill were planted in rows 
42 inches apart, the hills one foot apart in the row. At a later date 
the seedling plants were thinned to one plant per hill. At pollination 
time half the plants in each inbred line plot were self-pollinated and 
the other half were cross-pollinated by the second inbred. Pollination 
was made with bulked pollen. All pollinations were made within a 
period of five hours on August 2, 1950. 

Harvests were made every fourth day, starting with the 12th day 
after pollination for inbred A148 and hybrid A148 x A96, and 13 days 
after pollination for inbred A96 and its hybrid A96 x A148. In the 
future discussion the maternal parent is the one listed first in desig- 
nating the cross. At each harvest date, five selfed and five crossed 
plants were selected at random and cut off three to four inches above 
ground level. The cut ends were immediately placed in a bucket of 
water. Upon arrival in the laboratory ca. 20 minutes after harvest, 
the ears were removed from the stalks and placed in a commercial 
refrigerator (ca. 40°F). For the scutellum measurements, three non- 
adjacent developing kernels were selected from the middle of each 
ear. Where that region was not completely filled, kernels were chosen 
from areas of the ear where they were completely surrounded by 
other growing caryopses. The three kernels were removed from each 
ear, the ovary wall peeled back, and the scutellum measured with 
the ocular micrometer in a stereoscopic binocular microscope. Maxi- 
mum length and maximum width of scutellum of the living embryo 
were recorded. The kernels examined, and five additional similar 
ones were preserved in Karpechenko’s (1927) modification of Nava- 
shin’s fixative. The time occupied in the examination of each sampling 
was approximately four hours. Some time after fixation, two kernels 
from each ear were cut longitudinally and scored for the number 
of leaf primordia produced by the shoot apex of the embryo. The 
scoring method is that used by Stein (1955). 


OBSERVATIONS 


Growth of the scutellum. The first scutellum measurements were 
‘made 12 days after pollination for inbred A148 and its hybrid 
A148 x A96, and 13 days after pollination for inbred A96 and its 
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hybrid A96 x A148. The appearance of their respective scutella is 
illustrated in Fig. 1A-D. The data for growth in length of the scutel- 
lum are presented graphically in Fig. 2. The abscissa is in days after 
pollination and the ordinate is in micra. It is quite clear that in gen- 
eral behavior the two inbreds are more similar to each other than to 
the hybrids which in turn are very much alike. Several features of 
the growth process are exemplified by these curves,—namely, absolute 
size at any point in time, rate of growth, and duration of the growth 
period. Heterosis may be manifested in any one of these. When 
examined with these features in mind, the curves disclose the fol- 
lowing points. 

The two hybrids exceed the inbreds in length of scutellum at ma- 
turity. The absolute lengths of A96 x A148, A148 x A96, A148 and A96 
are 8790, 7720, 7510 and 7320 micra respectively. Hybrid A96 x A148 
not only surpasses the inbreds but also is of considerably greater 
length than its reciprocal hybrid. Greater scutellar size at maturity, 
however, is merely the end product of several processes contributing 
to growth, one of which is the initial size of the scutellum. The latter 
is difficult to delimit because of the gradual transition from the pro- 
embryo to embryo proper; cf. Randolph (1936) Figs. 6, A-C, G and 
H. At the time the first measurements were made in this study, the 
scutella of each of the four lines were well defined and significant 
differences in length were readily discernible. The length at 13 days 
after pollination for A96 x A148, A148 x A96, A96 and A148 is 2110, 
1920, 1720 and 1240 micra respectively (the values for A148 and its 
hybrid were derived graphically). The data seem to indicate that the 
embryos of the hybrids have grown at a faster rate at some time 
during their early development than have those of the inbreds. This, 
of course, is based on the assumption that fertilization occurred in 
all four lines at approximately the same time. Copeland (1940) con- 
cludes on the basis of his study, that “. . . there is practically no 
difference in the relative time and percentage of fertilization. . .”. If 
his conclusions hold for the present study, then heterosis has already 
become manifest at some time prior to 12 to 13 days after pollina- 
tion. 

The second feature in growth which may contribute to greater size 
at maturity is the rate of increase in size. A greater rate of elonga- 
tion is evident in graphic presentation by a steeper inclination of the 
curve. The curves presented in Fig. 2 suggest that all four lines main- 
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FIGURE 1 
Camera lucida drawings of outlines of maize embryos. A and B—A148 and 
A148 x 96, respectively at 12 days after pollination. C and D—A96 and A9 x A148, 
respectively at 13 days after pollination. c—coleoptile; s—scutellum; sa—shoot apex; 
su—suspensor. 
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tain essentially similar growth rates throughout the period of embry- 
onic development considered in this study. Heterosis, then, is not 
evident in rate of scutellar elongation. 
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FIGURE 2 
‘ Rate of scutellar elongation of the two inbreds A96 and A148 and their reciprocal 
ybrids. 
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The third feature considered to be a factor in final size is the dura- 
tion of the growth period. The time of termination of scutellar growth 
was fixed, based on inspection of the curves in Fig. 2, at about 45 days 
after pollination for A96 x A148 and about 41 days for the other 
three lines. Thus the hybrid A96 x A148 appears to continue growth 
for at least four days more than the two inbreds as well as its recip- 
rocal cross. Heterosis in respect to duration of growth is only shown 
by A96 x A148. 

Briefly, then, heterosis at a time prior to the beginning of this 
study might be responsible for the greater length of the hybrids at 
that point. Because of a rate of growth similar to that of the two 
inbreds, the two hybrids merely maintain their initial advantage. 
Hybrid A96 x A148, however, by virtue of a longer duration of growth 
materially enhances this initial advantage. 

Growth in width of scutellum is presented graphically in Fig. 3. In 
the graph the abscissa and ordinate as well as the symbols are as in 
Fig. 2. A different pattern from that described for elongation of scutel- 
lum is apparent, although there again exists the tendency towards two 
subgroupings. In this case, however, the trend is for inbreds and 
hybrids of the same maternal background to agree closely in their 
growth patterns. Inbred A96 and the hybrid with A96 maternal back- 
ground have very similar curves, with the inbred showing a slight in- 
crease in rate of growth about 17 days after pollination which gives 
it a somewhat greater width which is maintained. At about 37 days 
after pollination the hybrid has ceased to grow in width. The inbred, 
however, shows continued increase so that its final width is considera- 
bly greater than that of its hybrid. For the two lines involving A148 
a slightly different pattern develops. At the earlier stages, 12 to 15 
days after pollination, the hybrid A148 x A96 follows closely the 
growth pattern of the pollen parent, then gradually approaches (15 
to 28 days) the pattern of its maternal parent so that both lines then 
complete growth in width at essentially the same rate and achieve the 
same size at about 40 days after pollination. Heterosis apparently 
does not occur in either line. 

In the case of growth in width of scutellum a possible expression 
of heterosis is shrouded by maternal influences. The nature of these, 
to some extent, will be discussed at a later point. 

Thus, on the basis of a study of later stages in the growth of the 
scutellum, it is evident that heterosis is expressed during elongation of 
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the scutellum. Of the three features involved in growth, namely, abso- 
lute size at initiation, rate of growth, and duration of growth,—the 
first falls prior to the point at which data are first available in this 
study. However, the relative lengths of the inbreds and hybrids at the 
time of initiation of this study indicate that during previous stages of 
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DAYS AFTER POLLINATION 
FIGURE 3 

Rate of growth in width of the scutellum of the two inbreds A96 and A148 and 
their reciprocal hybrids. 
embryogeny heterosis for growth in length of the scutellum had oc- 
curred. No heterosis in rate of elongation can be determined after 
that point, however A96 x A148 exhibits a longer period of active 
growth thus contributing to heterosis in ultimate length of scutellum. 
Although genetically the embryos of the reciprocal crosses are iden- 
tical, the nature and extent of expression of heterosis are unlike. 

Growth in width of scutellum shows two clear patterns: that of 
A96 and that of A148, with heterosis failing to be expressed in either 
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hybrid. Possibly the width dimension of the scutellum cannot be 
expected to be as useful in illustrating free expression of heterosis as 
in length, when one considers the position of the caryopsis on the 
tightly packed cob. On a well-filled ear, growth in width of kernel 
is limited by the surrounding kernels. Thus both inbred and mater- 
nal hybrid would be physically restricted from further growth in this 
dimension. Elongation on the other hand is subject primarily to re- 
striction by the maternal pericarp, which may not be too severe. This 
would not explain the fact, however, that A96 actually exceeds hy- 
brid A96 x A148 in width of scutellum. Whether this is the effect of 
the A148 genotype on the hybrid cannot be determined from these 
data. In favor of the latter point are data obtained for endosperm 
growth in length and width. In both dimensions the maternal pat- 
terns of growth are evident, with the hybrids showing only slightly 
greater size over the respective inbreds throughout the growth period 
studied. Thus the concept of crowding of kernels on the ear as a 
major factor in control of width may not be valid. 

Although two completely different growth phenomena are involved, 
growth of an organ—the scutellum versus growth of a storage tissue 
—the endosperm, it may not be amiss to point out that of all the 
features studied only growth in width of the scutellum showed an in- 
termediate pattern for the hybrid lines. The speculation is tempting 
that in this particular case the 2N tissue performed to a lesser extent 
than the 3N tissue. 

There arises some general doubt as to the usefulness of the scutel- 
lum in studies of this type. Shafer (1944) already has shown that 
there exists poor correlation between embryo axis weight and weight 
of the entire mature embryo. Conceivably this may hold for other 
relations between these two structures, such as growth rates. This, in 
addition to the other factors mentioned, suggests caution in using 
data thus obtained, somewhat unfortunately though, since the scutel- 
lum is the only organ which actually matures during embryogeny. 

Rate of leaf initiation. This is a growth phenomenon quite unlike 
the growth of the scutellum. The scutellum presumably completes its 
growth during embryogeny; the shoot apex forms leaf initials both 
during embryogeny and after germination. The possibility exists that 
the form of the scutellum during its development may be influenced by 
mechanical factors such as degree of crowding of the kernels on the 
cob and time of maturation of the pericarp; the shoot apex and its 
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associated leaf primordia apparently are not inhibited by space re- 
strictions. An inspection of the embryonic shoot system will support 
this point. Genetic control in the case of rate of leaf initiation might 
therefore be assumed to be less obscured by elements of the imme- 
diate environment than in the case of scutellar development. 

The leaf initiation data are presented graphically in Fig. 4. The 
logarithmic abscissa represents the number of days after pollination 
and the ordinate the shoot apex stages. Each point is the mean value 
of ten observations and the symbols used are the same as those found 
in Fig. 2 and 3. In all four lines the points could be fitted reason- 
ably well to straight lines in the semi-log graphing procedure used 
here. A possible exception is the curve for A96 x A148 which is gently 
curvilinear. In general the curves seem to indicate an exponential 
rate of leaf initiation. Since all four curves are essentially parallel it 
can be assumed that this rate in each line is about the same. 

From the point of view of heterosis there are available three cri- 
teria, time at which leaf initiation begins, rate at which it proceeds, 
and stage within which it terminates. The time at which leaf initia- 
tion begins appears to be later in both of the inbreds than in either 
of the hybrids. Data for all four lines are not available for compari- 
son until shoot apex stage 2 which reaches its midpoint about 15.6 
and 15.1 days after pollination in A96 and A148 respectively, but which 
had already been reached approximately 13.8 and 14.2 days after 
pollination in A96 x A148 and A148 x A96 respectively. This same 
relationship between the inbreds and the hybrids is maintained 
through shoot apex stages 3 to 5. 

Since, as demonstrated, the rates of leaf intiation are essentially 
the same, the consistently earlier achievement of the midpoint of any 
particular stage by the two hybrids can not be attributed to heterosis 
subsequent to the time when leaf initiation began. Heterosis in rate 
of leaf initiation is absent. 

The third feature characteristic of the growth of the shoot apex,— 
the stage in which it terminates growth during embryogeny, may 
also be assessed from Fig. 4. A96 terminates in stage 5, while A148 
and the two hybrids terminate in stage 6. This does not appear to 
be an example of heterosis, as used here, but rather one of dominance. 

Heterosis, then, appears in only one respect—that of age at which 
leaf initiation begins. The rate of initiation of subsequent leaves, 
since it follows the same exponential sequence in all cases, is essen- 
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Rate of leaf initiation during embryogeny of inbreds A96 and A148 and their 
reciprocal hybrids. The abscissa is on a logarithmic scale. 
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tially unaffected by the difference in genetical constitution or en- 
vironmental factors in this material. However, in one inbred the 
shoot apex ceases primordium production in stage 5, in the other and 
the hybrids in stage 6 which suggests simple dominance rather than 
heterosis. 


DISCUSSION 


A comparison of the two dissimilar growth phenomena in terms of 
the results obtained in this study discloses several interesting fea- 
tures. It is quite evident from both analyses that heterosis is demon- 
strated by the two hybrids. The very early phases of embryogeny 
seem to furnish the basic contribution to heterosis as expressed in 
the mature embryo, with respect to the features studied here. At the 
time the first measurements were made in this study the scutella of 
the two hybrids already had achieved an initial advantage in length 
and the first leaf primordia scored are of greater age than those of 
the inbreds. The rate of elongation of the scutellum is very similar 
in the two inbreds and hybrid A148 x A96, while the reciprocal hybrid 
shows a longer duration of growth. All four lines as graphed in this 
study show a skewed sigmoid growth curve with a very much abbre- 
viated acceleratory phase. The rates of initiation of successive leaf 
primordia are presented as essentially parallel lines on a semi-log 
basis for all lines except hybrid A96 x A148, in which case the slightly 
curved line may not be of significance. 

In the two instances showing a difference in duration of growth, 
apparently unrelated effects were observed. In duration of scutellar 
elongation A96 x A148 showed a longer period of growth than the 
inbreds thus demonstrating heterosis in this feature. Leaf initiation 
of the embryo appears to terminate during leaf stage 5 in inbred A96 
while the other three lines continue development into leaf stage 6 
before maturation of the embryo. This appears to be a case of simple 
dominance, rather than of heterosis. 

In general, this comparison suggests that though highly diverse 
growth phenomena have been considered, a surprising similarity in 
growth behavior must be admitted in those cases where comparison 
is permissible. 

A comparison of the data of scutellar growth with those obtained 
by Wang (1947) does not furnish close agreement. In both crosses 
studied Wang found heterosis in scutellar elongation, however in only 
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one cross was a similar relationship of inbreds to hybrids obtained. 
Growth in scutellar width, while not showing any evidence of hetero- 
sis, did not follow the clear cut maternal pattern as found in this 
study. How much of these discrepancies can be attributed to differ- 
ence in technique of sampling (only a single ear per sample and split- 
ear pollination was used by Wang) and to differences in genetic stocks 
cannot be assessed. 

Rate of leaf initiation in respect to heterosis during embryogeny 
has been studied in a descriptive fashion by Magee (1947) and Fair- 
child (1952). The former studied a dent x pop cross and found the 
hybrids to perform similar or somewhat better than their respective 
inbreds, but only the dent x pop hybrid exceeded either hybrid in 
rate of leaf initiation and only early in ontogeny. The two hybrids 
and the dent inbred showed 5 leaves in the mature kernel, the pop 
inbred only 4 leaves. It is debatable whether crosses of this nature, 
i.e., involving morphologically and physiologically different traits, serve 
as suitable material for the study of heterosis. Fairchild (1952) de- 
scribes the plumular development of two inbreds and their reciprocal 
hybrids. Rate of leaf initiation appears to behave as a dominant 
character, with the hybrids indicating the same rate and final leaf 
number as the better inbred. 

It is evident that on the basis of the few studies of heterosis during 
embryogeny of maize, no predictable pattern can be discerned. Much 
depends on the organ or characteristic studied, technique of sampling 
and genetic material used. It may be pertinent to add that if future 
studies are to be conducted in this direction it may be advisable to 
use inbred lines which are known to show heterosis during seedling 
growth. Whether any importance can be attached to examining ma- 
terial in the fresh state, as done in this study, is still an open question. 


SUMMARY 


The rate of growth of the scutellum in length and width and the 
rate of leaf initiation during embryogeny have been studied in the 
Minnesota Agricultural Experiment Station inbreds A96 and A148 
and their reciprocal F: hybrids. 

Measurements of maximum length and maximum width of scutel- 
lum were taken every four days during embryonic growth, beginning 
with day 12 after pollination for the A148 plants, and day 13 for the 
A96 plants, and the rate of leaf initiation determined. 
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In rate of scutellum elongation both hybrids apparently exhibit 
heterosis by the time the first measurements were made in this study. 
Hybrid A148 x A96, having after that time a rate of growth similar 
to that of the two inbreds merely maintains this initial advantage 
while its reciprocal cross by virtue of a longer duration of growth 
adds materially to the initial advantage in length of scutellum. 

Heterosis could not be demonstrated in growth in width of scutel- 
lum. The distinct subgrouping of the four lines into the two maternal _ 
patterns suggests strongly that maternal restrictions shroud any pos- 
sible expression of heterosis in this dimension. 

The rate of leaf initiation was found to be essentially exponential 
in all four lines. Since the growth curves are for all practical pur- 
poses parallel, heterosis cannot be considered to have occurred with 
respect to rate of leaf primordium initiation. However, in both hy- 
brids there is earlier initiation of homologous leaf primordia, thus 
demonstrating heterosis in this feature. Duration of growth in terms 
of leaf initiation during embryogeny appears to conform to a simple 
dominance relationship. Inbred A96 terminates its embryonic growth 
during the fifth leaf stage, while the other three lines do not cease 
growth until some time during the sixth leaf stage. 

A comparison of the two diverse manifestations of growth, as 
analyzed in this study, shows agreement in demonstrating heterosis 
for both hybrids and a rather similar pattern of growth of the inbreds 
on one hand and the hybrids on the other hand. Both studies suggest 
that in the case of the four lines considered, heterosis probably 
occurs in the crosses at an early stage in embryogeny. Only in hybrid 
A96 x A148 could a longer duration of scutellar elongation be deter- 
mined. A dominance relationship in respect to leaf stage at time of 
maturation of the embryo of inbred A96 was indicated. 
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BOOK REVIEW 


Aspects of Synthesis and Order in Growth. (13th Symposium of the 
Society for the Study of Development and Growth). Edited 
by Dorothea Rudnick. Princeton University Press. 1954. 


The 13th Symposium of the Society for the Study of Development 
and Growth was held at Dartmouth College, Hanover, New Hamp- 
shire, on June 26, 1954. As always in these symposia, far-ranging 
subjects bearing on a central theme have been drawn together. The 
editor has correlated these under three main rubrics: 


1. Physical and chemical considerations, 
2. Intrinsic and extrinsic growth controls, 
3. Morphogenetic pattern controls. 


Since any extensive description of the material contained is impos- 
sible within the confines of this review, we can do little better than 
to quote the editor’s foreword in this respect: 

“Analysis of growth should either begin or end with molecular 
events; in the present instance the two more strictly chemical chap- 
ters offer a balanced beginning. Linus Pauling’s essay focuses sharply 
on the central critical incident of replication of specific molecules, 
while J. S. Fruton marshals experimental information on the steps 
and circumstances required to build proteins in vitro or in vivo from 
small units. 

“The five following papers exemplify different biological devices by 
which synthetic processes are promoted or, conversely, restrained or 
negated in living organisms. The convincing evidence that in some 
microbes, material presented to the cell from the outside can in a 
sense control a whole series of syntheses by sequential inductions, 
has not been without effect on the lively search for the mechanics of 
protein differentiation in multicellular organisms. The chapters by 
R. Y. Stanier and J. D. Ebert explore such problems. The genetic 
apparatus, presiding from the nucleus over growth and differentiation, 
can be studied, as in E. S. Russell’s paper, by close analysis of devel- 
opmental effects of mutated individual genes. S. S. Cohen shows how 
nucleoprotein from outside the cell, as virus, can also operate to con- 
trol growth in microorganisms. Quite a different sort of control can 
be exercised from outside by light, operating on photoresponsive 
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processes; S. B. Hendricks and H. A. Borthwick report such ma- 
chinery in a wide variety of plants and animals. 

“The last four papers are concerned with the patterns of growth 
and differentiation in multicellular organisms. Development on the 
cell-tissue-organism level continues to be a challenge to scientific in- 
genuity; the role of the sort of mechanism discussed in the preceding 
group of reports has scarcely begun to be assessed. The developmen- 
tal studies progress in some cases by extension in comparative and 
genetic directions, as Ralph Emerson’s review demonstrates; in others 
by approaching the transition to adult physiology (Dietrich Boden- 
stein). In still other cases, stimulating perspectives are opened by 
intensification and precision of the study of the cellular basis of cir- 
cumscribed developmental events, as both N. T. Spratt and Clifford 
Grobstein found in their material.” 

The volume contains a distinguished series of essays on problems of 
growth and is recommended for biologists in general, and students of 
growth in particular. 
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